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Long Linear Light Sources 


An Analysis of the Infinite Linear Source and 
its Applications to Fluorescent Lamp Installations 


BY H. D. EINHORN, Dr.Ing., Ph.D. (Member) 


Summary 


A new concept which should facilitate the calculation of illumination 
from long linear light sources is proposed and a general theory of the 
infinite linear source is given. 


The errors incurred when applying infinite source relations to finite 
layouts are assessed for three types of sources. 


_ How the results of this analysis can be applied to practical design tasks 
is shown in a few examples of fluorescent lamp layouts. 


List of Symbols 


F = luminous flux. 
E = illumination. 


The following quantities are defined for an infinite linear source (I.L.S.) : 
| = intensity per unit length of an ILS. 
, = intensity per unit length of an I.L.S., normal to its axis (Fig. 2). 
ly = intensity per unit length of an I.L.S., at an angle y (Fig. 2). 
| = intensity of separate lamp (in a row, forming an I.L.S.: Sec. 3.3). 
J] = sector flux of I.L.S. (defined in Sec. 2). 
| 
] 


— 
| 


= sector flux of uniform I.L.S. 
= maximum sector flux of non-uniform I.L.S. 


° 
! 


The following dimensions are shown in Figs. 2 to 8 :— 

= radial distance from linear source. 

= length of finite linear source. 

= axial distance from end of finite source. 

= diagonal distance from end of finite source. 

= height of horizontal source above horizontal plane (Fig. 3). 

= centre distance of separate lamps (forming long linear source). 
= sideways displacement of object point (Fig. 3). 


Se Oe O&O OS™ 


The following angles are defined by Fig. 2: 
} = axial angle, in plane of source. 
{ = radial angle, in plane normal to source. 
a = axial tilt of illuminated surface. 
8 = tilt of illuminated surface in plane normal to source. 
+ -function = variation of J with # 
\ = fractional reduction of illumination on a parallel plane near the end of a 
semi-infinite source. 


Dr Einhorn is at the University of Cape Town, Union of South Africa Manuscript received “May 26, 1950, 
ind in revised form July 24, 1950. 
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(1) Introduction 


In many modern installations fluorescent lamps are arranged in long linear lay- 
outs, e.g., by mounting fluorescent fittings end to end or by using them in narrow 
ceiling panels, troughs or coves, for general lighting as well as for local lighting 
along work benches and desks. These types of layout lend themselves to very easy 
quantitative treatment, if they are considered as infinite linear sources. It is well 
known that in this case the illumination decreases inversely with the first power of 
the distance from the source, not with the inverse square of the distance, and the 
treatment of some special cases of infinite sources is generally known (!) (). 
Nevertheless, the number of illuminating engineers who make use of this very simple 
relation for estimates of illumination values is comparatively small. 

While the Lumen-Method and more recently the Interreflection-Method for 
assessing average illumination values and brightness distribution obtained from general 
lighting are the main tools of the designer, point-by-point calculations can be very 
useful for the design of local lighting, for many special applications, for quick 
estimates of minimum values at particular points, for the study of evenness of 
illumination and in photometric tasks. 

The infinite linear source relation in particular is so simple, that it would warrant 
much greater application. There are, however, three impediments to its use i 
practice : 

(a) Absence of a method of dealing with non-uniform linear sources, e.g., a row 

of fluorescent lamps in industrial reflectors. 

(b) Uncertainty about the property of sources which are not perfectly diffusing, 

such as a row of point sources, louvred lamps, a row of fluorescent lamps. 

(c) Since no source is really infinite, uncertainty about the error involved in any 

practical case due to the finite length of the source. 

This paper proposes to deal with these three difficulties by 

(a) Suggesting the use of a new concept for dealing with non-uniform lineal 

sources corresponding to the use of “ intensity ” for point sources. 

(b) Making a general analysis of an infinite source without restriction to perfect 

diffusion or uniformity and proving two general theorems. 
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LONG LINEAR LIGHT SOURCES 


(c) Giving estimates of the error made or correction required when applying the 

infinite source relation to practical layouts containing finite linear sources. 

Curves calculated for three special cases will be given in order to convey an idea 

of what to expect. A few examples of applications will demonstrate the simplicity 
of the method. 


(2) Proposal of a New Quantity: “ Sector Flux” (J) 
(2.1) The Concept of J 

Calculations for infinite linear sources can be based on the lamp flux per unit 
length if restricted to uniform sources. This would apply to bare fluorescent lamps 
or perhaps to lamps in cylindrical diffusing fittings. In the majority of cases we have, 
however, to deal with non-uniform sources, such as industrial reflectors or panels. 

In this general case we could describe the light distribution by means of a polar 
curve in a plane normal to the direction of the linear source, 

The question arises then: What is the dimension of a vector in this polar 
curve? It is not an intensity as in the case of a polar curve for a point source, but 
a quantity, which to the author’s knowledge has not been used hitherto. It will be 
called “Sector Flux” in this paper and denoted by the letter J. It is defined (see 
Fig. 1), as “ Flux per unit length per unit angle.” 

adF 
dL d@ 
From this definition it follows that the correct unit for the sector flux would be : 
Lumen per foot per radian; one might shorten this to “1lm./ft. r.” 

It is with great reluctance that the author proposes to add a new concept to the 
already heavily burdened illumination terminology. But new applications require 
new ideas and definitions. 

The J-concept will facilitate the understanding of long sources which are used in 
practice to an increasing extent. Its application can be very wide: to tubular lamps 
with or without reflectors, to louvred fittings as well as rows of closely spaced point 
sources (see definition of line source in Sec. 3.1 below). 

A further discussion of the J-concept is given in App. 1. 


(2.1) 


(2.2) Sector Flux and Lamp Flux 
From the definition of J it follows immediately that the lamp flux per unit length 
of the installation is 
Qr 
i sm ) J(0)d0 es e (2.2) 


° 


In the case of a uniform linear source, such as a bare fluorescent lamp, where 
16) = J, = constant, 


Fy, =20J, we 3; (2.3) 











Fig. |. 
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In the case of a plane diffusiug source such as a long diffusing panel, where 
JQ = Jm cos 8, one can prove by a simple integration that 


ve 2 Jin eee eee (2.4) 


In the general case of any linear source with a reflector, if the polar curve J(§) is 
given, the flux per unit length is simply obtained by taking the average of all J-values 
measured at equal angular intervals and multiplying by 27. 

(Methods such as Rousseau Diagram, Russell angles, or Zone Factors which are 
used for evaluating polar curves representing intensities are not required here.) 


(3) General Theory of the Infinite Linear Source 


(3-1) Definition of Infinite Linear Source. 

A general theory of the infinite linear source can now be developed anu certain 
conclusions drawn from it. Some definitions will be given first. 

(i) A source is linear if its thickness is negligible, i.e., very small compared 

with the object-distance (t << R), (see Fig. 2). 

(ii) A linear source can be considered as infinite if its total axial length L is 
very large compared with the object-distance (L >>> R). 

(iii) The radiating properties of the elements of the source should be constant 
along the length of the source, but a source can still be considered linear 
if if is “periodic,” ic., made up of elements which repeat themselves ad 
infinitum, provided the periodicity distance (C), or spacing of elements is 
smaller than the object-distance (C < R). 

Most practical linear installations are periodic to a lesser or greater degree: for 
hot cathode fluorescent lamps mounted end to end, connectors and end darkening 
introduce a mild periodicity. More typical examples are: rows of point sources: 
fluorescent lamps with cross louvres. For discussion of periodicity see App. 5. 

There shall be no restriction of the radial polar curve J=f(6) (see Figs. 1, 2). 
In practice it is mainly determined by the type of reflector used. In the special case 
of a radially uniform source such as a bare fluorescent tube it is a circle with the 
vector origin in the centre. 

There shall be no restriction as to axial distribution, i.e., the axial polar curve 
Iy =f(%) of an element is unrestricted. (See Fig. 2). It is mainly determined by 
the character of the source (e.g. whether it is a row of point sources or a fluorescent 
lamp), and by certain features of the fitting such as cross louvring. In the well 
known special case of a perfectly diffusing source it is a circle with the vector origin 
on the circumference. 


(3-2) General Equation 

Let us consider the light distribution in any one plane for which @ =const. (see 
Fig. 2), i.e. in a plane which contains the source itself as a boundary line and extends 
to infinity in one radial direction. 

Let IY be the intensity of an element of the source of unit length (1 foot) in 
the direction yf ; 

Let the illuminated surface be placed at a distance R (feet) from the nearest 
point of the source and tilted in an axial direction by an angle a; then the illumination 
at this surface due to a source element of length dL where 


aL = R secs dif is 


Wi er er I 
aE =x ta cos*ys cos (a — pf) = 4 cos (a — #) dy 
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LONG LINEAR LIGHT SOURCES 


and the illumination due to the complete source is 


wv =n/2 
Pe 1 Ty cos (a — pb) dp ... sate (3.1) 
ai oe 
v=a— r/2 


The fact that R appears only outside the integral permits the statement: 


‘THEOREM I.—The inverse first-power law applies to infinite line sources universally, 


ie., for any emission characteristic [ o p-function: I, = ff (x) ] , and for 


of 
any orientation (a) of the illuminated surface. 


A tilt in a plane at right angles to the source by an angle #3 (see Fig. 2) introduces 
a factor cos B which is of no particular interest in this analysis since it is merely 
a constant in the integration. 


(3.3) Sector-Flux J and W-Function 

The sector-flux (or J value) is fully determined by the ,-function or axial polar 
curve of an element of the source. 

The relation is quite simple (for proof see App. 3). 


~=+ 7/2 
J= J Ty cosys dp. at ee (3.2 
~y =— 7/2 


Both J and /y are defined and used here as per running foot of a long source. 
In practice, a long line source is usually made up of separate lamps and the polar 
curve I’y =f(y) of each of those lamps may be given or measured. 
If the lamps are so spaced that the distance between their centres is C feet, 
Ty = IC and 


j= 2 J Ty cosys dip aa 7 (3.3) 


(3.4) Illumination on Surfaces Parallel to the Source (a = 0). 


From equation (3. 1) and (3.3) follows immediately a very useful relation for the 
important special case where the illuminated surface is parallel to the source, i.e., 
a=0: 





E == ae te (3.4) 
Expressed in words, it is 


THEOREM II.—The illumination (in lumens per sq. ft.) on a surface parallel to an in- 
finite linear source is equal to the sector flux (in lumens per ft. per radian) 
divided by the distance R (in ft.) irrespective of the emission characteristic 
(%-function) of the source. 


This relation is both the reason for suggesting J as a useful concept and the 
basis for measuring it in a simple way as E x R. 

If the object surface is parallel to the source (a = QO), but its normal does not 
intersect the source (B==0),as in the common practical case of a horizontal lamp 
above a horizontal working area where the point of interest P does not lie directly 
below the lamp (see Fig. 3 inset), the equation for the illumination at P is still very 
simple: 


cos B = a 2 Sal “pe ee (3.5) 
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J is of course the sector flux in the direction of P. This relation is more convenient 
to use than the corresponding one for point sources, which contains an exponent of 
3/2 in the denominator. 

The locus-diagram (Fig. 3) is based on equation (3.5). The curves represent posi- 
tions of constant E/J in a plane normal to the source. One can prove that they are 
circles of diameter J/E. Note that E is the illumination on horizontal surfaces, not 
on the plane of the diagram. 

Fig. 3 can be applied to non-uniform sources, where J (@)== const., e.g., in the 
case of fluorescent lamps in industrial reflectors, because the ratios E/J are valid 
for any value of J in the direction of P. 

An example will show how simple its use is. Let the sector flux of a row of 
fluorescent fittings in a direction of 50 deg. be 90 Im./ft.r. (see arrow in heavy broken 
lines in Fig. 3). At a distance of 9.6 ft. in this direction E/J can be read off as .067. 
Hence the illumination there (due to direct light from this row of lamps) is .067 x % 
= 6.0 Im./ft.2 on a horizontal plane. 


(3-5) Illumination on Inclined Surfaces (a0) 

If the surface illuminated is not parallel to the infinite source but inclined to it, 
the illumination is not fully determined by sector flux and distance, but depends 00 
the s-function, i.e., the radiation properties of the source as well. 

Let us consider a few special cases for which evaluation is relatively simple. Mos! 
practical cases are similar to one of them or a mixture of two of them. 

(i) “ Constant Intensity” line source, such as a row of uniform point sources of 
certain discharge lamps, for which the intensity of an element is the same in all 
directions : 

ly =I! see sae she (3.6) 
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LONG LINEAR LIGHT SOURCES 


(ii) A perfectly diffusing line source, of which the luminance is the same in all direc- 
tions, resulting in a cosine law for the intensities: 
Ty = 1, cos . nee (3.7) 
(iii) A cosine-squared radiating source, of which the henna falls off according to a 
cosine law, the intensity according to a cosine-squared law : 
Ty = I, costp ... abe (3.8) 


Table I, column 2, shows the relation between sector flux and intensity per unit 
length for these three cases. 


























Table 1. 
Infinite Source. 
1 | 2 3 

| Case Type of Source | jJ—I, Illumination (for any orientation of 
| (p-function) | relation object surface) 
7 ; 
| (i) Iy=I, | J=21, E=} =-(1+¢0s a) cos B 
R Iy=I | pate gn: teed ) } cos B 
= | J=- =- —{sin T — cos @ 
| (ii) p=I, cos | 3 Fe =p a a 
SS eae AS ah 4 rire 

(iii) Ty=I, cos*ys | jos a E=} 5 (1+cos a)? cos B 








The type of source most commonly treated in the literature is the diffusing one 
(case ii). For a discussion of the constant intensity source (case i) see Reference 1, 
page 228. 

For fluorescent lamp practice, cases (ii) and (iii) are of importance. (See Sec. 5.) 

Introducing the -functions (equ. 3.6, 3.7, 3.8) into equation (3.1) the results 
shown in Table I, column 3, and Fig. 4 are obtained. (See App. 4). 

As one should expect from theorem II, the relation for the illumination becomes 
E=J/R for a =0, in all three cases. For other angles the illumination is less, as 
shown in the figure. This is, however, by no means a universal rule. One could design 
sources where the illumination increases for tilted object surfaces. On the other hand 
by means of deep louvres or focused sources a falling off proportional to cos a could 
be obtained. 

Curves like those shown in Fig. 4 indicate the relation between the illumination of 
horizontal and vertical or tilted surfaces and may sometimes give an idea of the 
character of a layout with respect to contrast, shadows and plasticity, although the 
difference between the three cases treated above is probably not great enough to be 
of practical significance. 


(4) Estimate of Corrections for Finite Source 


The relations given for an infinite source particularly the simple E=J/R for 
parallel surfaces can be used as a practical approximation for a long finite linear 
source, provided the radial distance from the source is kept within certain limits, 
determined by the required accuracy of the estimate. The errors incurred when 
teating a finite source as infinite will now be discussed. The result can be used 
tither as a limit of the straight forward application of the infinite-source relation or for 
correcting the result if it is desired to extend this limit. 
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(4-1) Illumination on Parallel Surface near the end of a Semi-Infinite Source 

Consider a horizontal line source which extends to infinity (or is very long) in one 
direction (See Fig. 5): How will the illumination vary on a horizontal plane, along a 
line straight below the source? 

One general statement can be made immediately: Provided the 4-function is 
symmetrical, i.e., J (y)=ZI (— ¢ ), the illumination below the end of the source (X=0) 
is one half that below a point of the source very far from the end. This applies to the 
special cases under consideration and indeed to most practical cases. 

This statement based on the argument that one half of the infinite source (viz., that 
for X < O) has been taken away must apply to any semi-infinite source, irrespective 
of its radiation characteristics expressed in the #-function. 

The actual rate of falling off the illumination does, however, depend on this 4- 
function. 

For the three special cases treated in Section 3.5 (i) constant intensity-type (ii) 
perfectly diffusing (iii) cosine-squared radiator, the result is as given in Table I], 
column 1, and Fig 5. The derivation is given in App 4. 

It can be seen that the illumination falls off sharpest for the cosine? radiator, more 
gradually for a perfectly diffusing source, most gradually for a row of point sources. 

In an ideally louvred fitting, i.e., with very long black cross louvres, closely spaced, 

I 











Fig. 4. (Left) 
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LONG LINEAR LIGHT SOURCES 


the illumination for X¥<O will be zero, for X¥>O it will be constant and equal to J/R, 
with an abrupt drop at X=O. In practice, for lamps fitted with matt, light coloured 
louvres, the cosine squared law would probably give a fair approximation, 

In most fluorescent lamp installations whether louvred or not, the falling-off (/\) 
near the end is less than 10 per cent. for R<X, ie., if the radial (vertical) distance of 
the object surface does not exceed the axial (horizontal) distance from the end of the 
(horizontal) lamp. 


(4.2) Illumination on Parallel Surface Below Centre of Long Source 


To give an estimate of the accuracy with which the simple relation E=J//R can 
be applied to long linear sources illuminating a surface parallel to the lamp, the 
precise relations for the illumination below the centre of a finite lamp are given in 
Table II, column 2, and Fig. 6, again for the three special cases treated previously. 

The equations and curves show that while for a “ constant intensity ” source such 
as a row of point sources the distance from the lamp should not exceed }-lamp length 
if the J/R relation is to hold with an accuracy of 10 per cent., for fluorescent lamps 
one may go as far as 0.4 lamp length, for louvred lamps probably even to }-lamp length 
for the same accuracy. 



































Table 2. 
Semi-Infinite and Finite Source. 
I 2 3 
Case Illum. from Semi-Infin. Source Illum. from Finite Source 
Fora=0; B=0 
Below centre for a = 0; | Fora = 90°; p= 0 
p=0 
; aer | x eee 3 f R 
i E=— —) E=-— Poe a | ee 
D = +4S 33 + (1) 
fe J 1 X 1XR J 2 X 2XR 1 jx 
| (ii E = —($ + —tan-!—4-— —)| E = = (-tan-'"— 4 —__)| Ex - = 
| etd Ere so" 5 +s 7 RD® 
| 
7 3 3 3 
bitte J a xX J 3X X i. R 
E=-— ——}— E=—(- —-—;i — Bw i sh + — 
| (iii) Ret i D t D3) as e t >a) + (1 ae 








R = Radial object distance from lamp. 
X = Axial component of object distance from end of lamp. 


D= V R24. x? = actual distance of object from end of lamp. 


(43) Illumination on a Parallel Surface Anywhere Below Finite Source 

The graphs Fig. 5 or 6 can be used to obtain the illumination anywhere below a 
fnite linear source. 

Considering Fig. 7 it is easily seen that at point P 


E = F—Ag— As)... 2 (4.1) 


where /\ is the fractional difference between the illumination near the end of a semi- 
infinite source and that below the infinite source. A, and /\y can be taken directly 
from Fig. 5 or 6 for the ratios X,/R and X,/R. 

Below the centre of a finite lamp the correction necessary is therefore equal 
2 A taken for X¥/R from Fig. 5, where X is half the lamp length. 
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(4-4) Illumination on Surface at Right Angles to Lamp 

For the illumination on surfaces at right angles to;the lamp itself, e.g., on a vertical 
surface in case of a horizontal lamp the effect of the finite lamp length is rather greater 
than for parallel surfaces. 

Table II, column 3 and Fig. 8 show the relation for the three special cast 
considered previously. (For proof see App. 4.) 


(5) Application to Fluorescent Lamp Installations 


(5.1) J—I, Relation 

As mentioned in Sec. 3.5 cases (ii) and (iii) are applicable to fluorescent lamps. 

Most unlouvred fluorescent lamps can be represented as a mixture of cosine and 
cosine-squared radiators(*). Bare lamps are about midway between case (ii) and cas 
(iii) tending slightly towards case (ii). The same applies to lamps with specular 
reflectors. Lamps with diffusing reflectors will tend in their behaviour still mor 
towards case (ii), while cross-louvred lamps of the more usual designs can be repit 
sented as cosine-squared radiating sources (case iii) with an accuracy adequate for mos! 
practical purposes. 

From this follows that in the absence of further data available, the following 
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relations between the sector fluxes of a fluorescent lamp fitting and its intensities in a 
plane normal to the lamp axis might be expected : 


Bare Lamp es 0 OS So hae | 

Lamp and Diffusing Reflector y oe OR 2 he > SED 

Louvred Lamp _... oi oa SUE, = AZ 1A j 
|. is the intensity per foot of installation. For example, if 4-ft. lamps are mounted 
at 5-ft. centres, i.e., with gaps of 1 ft. between ends of lamps, then /, = T, , where I’, 
is the normal intensity of one fitting. 5 


(.2) Approximate Relations 


For practical fluorescent lamps with or without reflectors, but without cross- 
louvres, the following approximation might be used : 


015 ( 3 ae ee (5.2) 


This deviates by less than + 0.01 from the mean curve, between ideal cases 
(i) and (ili) over a range: O<R<1.2L. 

Below the centre of a lamp with reflector, the illumination on a nearby parallel 
object surface is Huatyee acre vial 


~ J 5 a if 
B= at i) ee 
where L the lamp ‘teak 





e? (i — 65 Seb (5.3) 


(6) Experimental Checks 
(6.1) Laboratory Measurements 

The relations given were checked by measurements on eight bare 3-ft. fluorescent 
lamps mounted end-to-end in a laboratory with black walls and ceiling, giving 2 per 
cent. stray light, for which a correction was made. 

A barrier-layer cell was used for the measurements with a specially shaped cover 
of diffusing acrylic sheet and a shadow screen to give cosine-response with an accuracy 
of 2 per cent. up to an angle of 75 deg. and an error below 3 per cent. of the cosine 
to value between 75 deg. and 90 deg. 

Some experimental points are shown in Figs. 4 and 5. It can be seen that agree- 
ment with the calculated curves is certainly good enough for practical purposes. 


(6.2) Practical Measurements 

In order to test the application to practical cases where reflected light adds appre- 
tiably to the illumination, ‘some rough measurements were made in a section of the 
university library, where parallel book shelves 4ft. 4in. apart were lit by 4-ft. 
fluorescent lamps, spaced 7ft. 9in. (centre to centre), mounted without reflectors against 
a white ceiling. 

The illumination values measured varied between about 2 to 10 Im/sq. ft. Their 
relative values agreed with calculated ones to within about 20 per cent.; this discrep- 
ancy is due to different contributions from inter-reflected light and does not seem 
excessive considering the wide range of values assessed, and considering that the lay- 
out was not particularly suitable for any method of calculation. 


(7) Practical Examples 





» repre- 
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(7.1) Bench Lighting 

When laying out local lighting it is sometimes of interest to know the minimum 
illumination and the evenness of lighting level over the task area. 

Take the following case (Fig. 9). A long work bench, 5ft. wide, is lit by twin. 





(London) 
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40-watt daylight fluorescent lamps in enamelled industrial reflectors mounted end to end J illum 
(4ft. 3in. distance between centres), suspended 3ft. 6in. above the centre line of the § away 
bench. NOTE 
The polar curve of the fitting shows that its intensity in a vertical direction is 570 . 
candelas, in a direction of 35 deg. (towards the edge of the bench) 540 candelas. Not! 
The calculation is simple and given in the following table : (7.3) 
esearch below lamp At ~~ of bench —_ 
: 570 (cd) 540 little 
Sector Flux (See Sec. 5.1) ———— _ 1.5 = 200 Im/ft.r. ——1.5 = 190 Im. /ft.r. conv 
4.25 (ft.) 4.25 (betv 
200 . 190 x 3.5 i fluor 
Illum. (See equ. 3.6 or Fig. 3) 35 = 57 Im. /ft. 3.52 + 2.53 = 36 Im. /ft. of th 


Ratio of maximum/minimum illum. = 57/36 = 1.6. —_ 


If we wish to estimate the illumination at the edge of the bench, 2 ft. from the belor 


x 2 
end of the row of lamps, we can see from Fig. 5 that for aoe ™ .47, the 


illumination is just over three-quarters of the value calculated above, i.e. it would be 
about 27 Im. /ft.2 


(7-2) Optimum Position of Linear Source Fron 


We could have asked in the previous example: What is the optiqum suspension 
height (X) which will give maximum illumination at the edge of a bench, 2 A (feet) 










































































wide, assuming constant J over the critical angular range from say 30 deg. to 60 deg? resul 
A similar question arises in lighting vertical surfaces such as pictures or blackboards: 
how far from the wall should a source with limited sector flux be placed to give Pas 
maximum illumination at the lowest point of interest (A feet below the source)? From 
, : JX dE 
equation 3.5: E = x? ae this is a maximum when ax O, namely for X = 4. : 
Hence one could formulate the rule: Place a linear source at such a distance 
from the plane lit as to obtain 45 deg. incidence of light at the furthest point of ‘ 
interest. 
Like all rules of this type it should be used with caution: e.g., if evenness of d 
| 
. e 
= \e ad table 
me gE ( 
— — ‘ 
= = 
| * cf 
= \o 
4 63 = — 
j As2 6” +h 4 EF] 
"i he 
conc! 
Fig. 9. Fig. 10. , 
112 Trans. lilum. Eng. Soc. (London), Wai. 











XUM 


/ft2 


1 the 
the 
d be 


nsion 
(feet) 
deg? 
ards : 

give 
From 
= A, 


tance 
nt of 


ss of 


hades 


.. 


eee 














ondon, 








LONG LINEAR LIGHT SOURCES 


illumination matters more than minimum value, the source should be placed further 

away. 

Nore 1.—The assumption was made that we deal either with a uniform source over the critical 
angular range or that a maximum J is given with the possibility of tilting the source. 

Note 2.—The optimum position for a point source would be different: X’ = A/\/2. 


(7.3) Filing Room or Library 


Sometimes vertical as well as horizontal surfaces are of interest. In this case the 
average horizontal illumination obtained from the conventional lumen-method has 
little meaning and a rough estimate of the illumination at some key points would 
convey better information. . Consider a filing room or library stackroom 22 ft. x 12 ft. 
(between shelves) as shown in Fig. 10, illuminated by a row of four single 5-ft. 80-watt 
fluorescent lamps mounted end to end at 5 ft. 6 in. centre distance along the centre 
of the ceiling. 

Assuming the lamps are in uniformly diffusing fittings and neglecting light reflected 
from the ceiling, let us estimate the following illumination values, all at points 7 ft. 
below the lamp: 

(a) on a horizontal table in the centre of the room, 
(b) on vertical shelves, centre of long wall, 

(c) on vertical shelves, end of long wall, 

(d) on vertical shelves, centre of short wall, 

(e) on vertical shelves, end of short wall. 


, F 3040 
F t . e Sasser i = a 
rom equation 2.3 and 3.3 J nC 555 88 Im/ft.r 
Taking the source as infinite for a, b, and semi-infinite for c, d, e the following 
results are obtained : 




















| 
| Illumin. 
Case Position Reference Calculation (Im. /ft.2) 
a | Table Eq. (3.4) 88/7 = 12.6 
b | Centre long wall Eq. (3.5) or For H=6, Z=7 (vertical 
Fig. 3 surface.) E = .071 J 6.2 
c | End long wall — Half previous value 3.1 
d | Centre short wall | Table I; Fig. 4 | E = (3 to 1) J/R, say .29 J/R 3.6 
T 
e | End short wall | Table; Fig.4 | ¢ — _:29 x 88 2.8 
V 36 + 49 














The errors made in neglecting the finite length are estimated in the following 
table : — 




















Case Reference For X/R | A Error 
a Fig. 5 or 6 10.5/7 = 1.5 | .03 | 6% 
b Fig. 5 10.5/9.2 = 1.1 a aie. 
c Fig. 5 21/9.2 = 2.3 = ue 3%, 
d Fig. 8 21/7 =3 | | 7% 
e Fig. 8 21/9.2 = 2.3 | 12% 





Although reflected light would add appreciably to the values calculated, some 
conclusions may be drawn from them (see Sec. 6.2):— 
(i) The illumination of the short walls, particularly in the corners, is inferior. 
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The light throw of linear lamps is essentially at right angles to the axis (see 
(3) Sec. 3.2.1). Doubling of the lamps in the end fittings might be considered. 
(ii) The average horizontal illumination as estimated from the Lumen Method 
would be about 13 Im./ft.2 for a utilisation factor of .35 and maintenance 
factor .8. As expected, a meaningless if not misleading figure. 
(iii) The errors made when using the infinite source relations are 12 per cent. or 
less in this case: tolerable for most estimates. 


(8) Conclusions 


(a) To facilitate the calculation of illumination from linear arrangements of lamps, 
a new concept has been proposed in this paper: the “ Sector Flux,” defined as flux 
per unit length per unit angle. 

The sector flux can be taken as the vector in polar curves for long linear sources, 

(b) The illumination on a surface parallel to a long linear source is simply obtained 


sector flux : sce . 
~“Tisteaen O88 B (where f is the angle of incidence, see Fig. 2). 


The illumination on surfaces not parallel with the source depends on the radiation 
characteristics of the latter. The inverse first power law is still valid. Three 
typical cases are treated in Sec. 3.5. 

(d) For practical linear layouts which, of course, have a finite length, the infinite 
source relations form often fair approximations. The errors involved have been 
investigated in Sec. 4. 

The application to fluorescent lamp layouts, particularly the assessment of sector 
flux values from intensity data, is discussed in Sec. 5. 

Practical examples worked out showed the simplicity of using the infinite source 
relations given. The errors made in using them were assessed and seemed to be 
tolerable for practical purposes in the cases treated. 

(g) The author hopes that some illuminating engineers, when dealing with linear 
layouts, will try out the new concept proposed and the relations given here. Only 
this practical test can determine their usefulness. 





_— 


(c 


(e 
(f 
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Appendix I 
Discussion of the Vector Flux-Concept 
Analogy with Intensity ’ 

The vector flux concept for line sources has much in common with the intensity 
concept for point sources; but differs from it in other respects fundamentally. 

In each case we deal with a specific angular flux: intensity—per steradian; sector 
flux—per radian. 

In each case the illumination at a certain distance is determined by a simple 
relation, the inverse square law and the inverse first power law respectively. 

In each case vectorial representation in a polar diagram is possible and informative. 

The main difference, in the author’s opinion, is that the intensity of a point source 
contains more complete information than the vector flux. 

The vector flux concept gives no information on the axial light distribution of 
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the line-source (y-function). The illumination E on a parallel surface at distance R, 
corresponding to a vector flux RE, may be due to predominantly steep rays coming 
from a fairly narrow length of the lamp as in a louvred lamp. It may also be 
produced largely by rays impinging at a flat angle from far points of the source, 
as, e.g., in the extreme case of a row of sources with polar curves typical for street 
lighting. For this reason tilting the illuminated surface in an axial direction (variation 
of angle a ) may have a quite unpredictable effect unless the -function is known. 
There is no uncertainty of this type about a single point source, and tilting the 
illuminated surface has always a predictable effect, namely, variation of illumination 
according to a cosine law. 


On the Utility of Intensity and Sector Flux 


It is generally accepted to-day that “Flux” is the fundamental illumination- 
concept, not “Intensity,” as is often found in older treatises on the subject. 

A few years ago (4) the suggestion was even made to abolish “ Intensity” as a 
standard concept. 

This, in the author’s opinion, goes too far. The study of conical bundles of 
trays which leads to the intensity concept is useful for investigating the directional 
properties of light sources; although theoretically restricted to point sources, it can 
always be applied to extended sources by considering initially surface elements. 

Similarly, the concept of “Sector Flux” should be a useful special tool when 
dealing with line sources, and the limitation of its applicability should not detract 
from its utility within those limits. 


Terminolopy 


As an alternative name for “Sector Flux” the author had considered the term 
“Linear Intensity” or “ Line-Intensity,” to indicate the similarity mentioned above. 
Disadvantages of these terms are their length and the possibility of confusion. 

Other names, however, might be considered. The author feels that the C.LE. 
should decide on the best term for J, if it proves useful enough to warrant recognition 
as a Standard term by the C.LE. 

The choice of the symbol J itself is subject to discussion, since it is an American 
standard symbol for radiant intensity. Confusion is, however, not likely to arise on 
account of the different field of application. 


Appendix 2 
Dimensions in Metric System 

Sector Flux in the metric system would be measured in /umens per metre per 
radian (Im./m.r.), and could be called “ Pharosent per radian ” “). 

The intensity per unit length of source has to be taken then in candelas per metre 
(Sec. 3.2) and all dimensions should be in metres to obtain illumination values in lux. 

Fig. 3 can be interpreted in metric units by taking the co-ordinates: in metres, 
the sector flux in !m./m.r., to obtain the result in lux. 


Appendix 3 
Proof of Eq. (3.2) 
Consider the flux (F”) due to unit length of the source through a thin strip (of 


width w) of a cylinder surface, the cylinder being concentric to the source and of 
Tadius r. 


ra + . 
Then: F” = f Ewdé where € is measured along the strip 
g=— ® and E is the illumination along the strip. 
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In this equation w = 78 


J = F"/® by definition 





I 
Hence: J = “feces 70. x from % = 7/2 to — 7/2 


+ 7/2 


= J ty cos ah 


— 3/2 


Appendix 4 
Proof of Expressions in Tables I and II. 
J —I° relations : 
(Table I, column 2). 


From equation 3.2 follows 


+ w/2 
Case (i) [cosy db = 2 xX sina/2 = 2 
—r/2 
+m/2 
Case (it) J costy af =}sinr+ hr = 4 
—1/2 
+ 2/2 
1 7 4 
ma . 3s, ke ie 
Case (iti) feos yy dy = 2 (sin 7/2 — 3 sn 5) ms 
, — n/2 
Illumination for 20 
(Table I, column 3). 
From equation 3.1 follows : 
v= 1/2 w/2 
ee oe ae” 
Case (i) E = = i} cos (a— )d ~— sin (yb — a) | = piitees a) a—7/2 
wv = a 1/2 a—n [2 
r/2 
Case (ti) E = Z i) cos ys cos (a — ) dy 
a— 7/2 
w/2 z 
att sry + st yb st ) dy = 22 sina + (7 ) cos | 
=h f (cos*s cosa + sin cos f sina = =| a+(™—a a 
a—n/2 
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1/2 
I 
Case (tii) E = - f cos*ys cos (a—y) dys 
a— 1/2 
w/2 
ss: zf (cos*ys cos a +- cos* sin sin a) dy 
a—rn/2 1/2 
To } 
== 7 | (sin xb — 5 sinh) cos a — 5 008% sina 
a — 1/2 
I 1 I 2 
= 2 [3 + Sos a +-zcosta| = Rr cree 
Illumination from Semi-infinite source 
(a=0) (Table II, column 1) (see fig. 5). 
From equation 3.1, modifying limits (See fig. 5, inset) : 
bd = r/2 
Case (i) B= fap cos bap = 5 | sing | 1+ 
ase (1) E = fz cos — fg = 2( >) 
=— sin—' (X/D) : 
= aR 
po 
Case (i) E = =fz = cos db = 
— sin—' (X/D) 


Tact oarte 


=f Lm 4108 


x D2 
, e= | 
Case (iii) E =fz © costs dyy = ss (1 — n2) dn, 
— sin—' (X/D) n =—X/D 


where n = sin; 
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| Pie. 11. 


Illumination Below Centre of Finite Source 
(a = QO). (Table Il, Column 2) (See Fig. 6) (see also (3)). 
This can be obtained from the previous expressions by superimposing two semi- 
infinite sources (and a negative infinite source) as shown in Fig. 11: 
Illumination below centre: E. = 2 E,; — J/R, where E,,; is the illumination 


below a semi-infinite source, namely, 


EE = Z (1 — ,\). (For definition of /\ see Sec. 4.3.) 


Note.—X is always the horizontal distance from the end of the source, ic., half a 
lamp length of the finite source. 


Illumination on Surface at Right Angles to a Finite Source 
(a = 90°). (Table II, Column 3) (See Fig. 8). 
in equation 3.1, cos (a — J) becomes sin % for a = 90°: 


v=0 ° 
ee ’ | mr: toe * R 
Case (i) E= R ) sinh db = z17°° ob tke e( — 5) 


w = cos—' (R/D) cos—! (R/D) 
i0.-5) 
2R D 
) 


I I 
Case (ii) E = R ) sings cosy dip = R 4 sin 


v—O 
° 





vy = sin—'(X/D) sin—! (X/D) 
aa Coxe 5 J xX? 
~~ R2D? «zk D? 
=0 m= 1 
aes fe ' m i. - 
Case (iti) E = R J sinys cos*s db = R [ — m= dm, where m = cos, 
wv =cos—'(R/D) m = RID 
I | 1 I R3 R3 
=< ea me) = —2 (1 o =) ~ J 1 — aa) 
3R | 3R D3 4R D8 
R/D 


Appendix 5 
Effect of Periodic Variation 


Since most long linear sources are made up of single lamps or lamp elements 
of finite length, there is usually a periodic variation of light emission along the length 
of the linear source. 

This in turn will result in a periodic fluctuation of the illumination on nearby 
objects. If for the calculation of illumination values the source is assumed to be 
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continuous, i.e., if this periodicity is neglected, a certain error is made and we may 
ask under what conditions this error is negligible. 

This error is bound to decrease with the distance of the object surface from the 
source. It also depends on the degree of discontinuity and type of distribution of 
light from the source elements. 

In order to get a quantitative idea of this error let us consider two specific cases : 

(i) a “linear source” made up of flat diffusing point sources separated by 

entirely non-luminous gaps (e.g., consider a long passage lit by small plane 
diffusing ceiling panels); 

(ii) a “linear source” made up of uniform point sources (e.g., a passage lit by 

spherical diffusing fittings). 

The following table is obtained by direct calculation of the maximum and 
minimum illumination, E,,,, and E,,;,, on a plane H feet below the sources, which 
are spaced C feet apart. 

En ax WOuld occur straight below a source, E,,,,, midway between sources. 

The percentage fluctuation is defined as 100 (Ejay — Evsmin)/ Emax 


Percentage Fluctuation of Illumination on a Parallel Plane below a Row 
of Point Sources 























| 
| Spacing/Height Ratio (C/H) 
Source | 
Liat 1 1.4 2 
| | 
| 
| Flat diffusing sources | 5% 5% | 22% 52% 
| Spherical diffusing sources | 3% 3% 12% 35% 





These two cases are rather extreme. The fluctuations in the case of a row of 
fluorescent lamps without louvres should be much’ less even if there are small gaps 
between the lamps. Only in the case of louvred lamps spaced at appreciable distances 
or in the case of shaded point sources the fluctuations would be larger. 

On the other hand, louvring of lamps mounted end-to-end would not lead to 
serious fluctuation, since the distance between louvres is relatively small. 

For most practical purposes we may conclude that the effect of periodic 
variations is negligible if H > C, i.e., if the object distance from the source exceeds 
the pitch of periodicity. 

Note.—If periodic variations are present, Sector Flux is defined as average flux per 
unit length per radian. This is implied in equation (3.3). 





The Illuminating Engineering Society is not, as a body, responsible for the opinions 
expressed by individual authors or speakers. 
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The Revealing Power of Street Lighting 


Installations and its Calculation* 
By A: J. HARRIS, B.Sc., and A. W. CHRISTIE, M.A. 


Summary 


This paper extends the work of Waldram and others on the revealing 
power of street lighting installations. It is shown that values of revealing 
power, approximating closely to the true values, can be calculated from the 
mean pedestrian illumination E,, and the road surface luminance B. 
Curves are given showing this approximate revealing power as a function 
of the two quantities B and B/E,,. The curves may be used to find the 
revealing power to any desired accuracy for any type of installation by a 
simple calculation of averages. The broad effects of changes in the 
lighting installation may also be understood with the aid of these curves. 


Contents 
(1) INTRODUCTION. — (4) EFFECTS OF CHANGES IN THE 
(2) EVALUATION OF REVEALING INSTALLATION OR THE ROAD 
POWER. SURFACE. 
(3) REVEALING POWER AS A FUNC- ACKNOWLEDGEMENTS. 
TION OF B AND B/E,,. | REFERENCES. 


(1) Introduction 


The conception of “revealing power” was introduced into the theory of street 
lighting by Waldram(') to clarify ideas about the efficiency of installations. The 
lighted street is regarded as a means of revealing to the driver of a vehicle the objects 
which may be upon it. From this point of view the quality of the lighting will be 
judged by whether or not such objects are adequately revealed, rather than by the 
illumination* or the luminance of the road surface. 

Waldram, giving this idea a clear-cut meaning and defining the rules of calcula- 
tion, called the percentage of objects revealed by any element of the road surface the 
revealing power of that element. For any street this could be exhibited by means 
of photographs showing the road surface mapped out into regions of different reveal- 
ing power—high values in the bright regions, low values in the dark. Although it 
was not difficult to find the values for any given street, the revealing power appeared 
to depend so much on the variation in the lighting along the street that it was difficult 
to see its relationship to the other factors involved. It is shown, however, in 
Appendix I of this paper that, provided the span does not exceed about six times 
the mounting height (Group A lighting), the revealing power of an element of the 
background is in fact determined to within a few per cent. by two quantities only, 
the luminance B of the background, and E,, the mean illumination of pedestrians 
in the street. As will be seen later, it is more convenient to use B/E,, as the second 
variable rather than E,, itself. 

This paper develops some mathematical consequences of the ideas given in 
Waldram’s original paper and does not in any way modify them. For details and a 
full discussion of the questions involved the original should, therefore, be consulted. 
The only change is that objects lighter than their background and objects darker 
than their background have been included in the total revealing power. Waldram 
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THE REVEALING POWER OF STREET LIGHTING [fNSTALLATIONS 


omitted the lighter objects because their contribution was small. Revealing power 
calculated only from objects darker than the background is here called revealing 
power by silhouette and denoted by R. From objects brighter than the background 
is calculated revealing power by reversed silhouette, which is denoted by R’. The 
sum of these, R + R’, is called the total revealing power. 


(2) Evaluation of Revealing Power 


Objects in lighted streets usually appear darker than the road behind them, that 
is, they are seen in silhouette. Sometimes, however, they are brighter than the back- 
ground and are then said to be seen in reversed silhouette. For an object to be 
seen adequately under any given set of conditions a certain difference in luminance 
between object and background is necessary. This is called the critical contrast, and 
if the actual contrast is less than this the object will not be adequately visible. The 
magnitude of the critical contrast will depend on the nature of the task: a driver 
may be dissatisfied with a degree of contrast which as a pedestrian he might regard 
as adequate for safety. The objects found in streets are of different shapes and 
sizes, but the contrast used by Waldram in calculating revealing power was obtained 
for a vertical disc of diameter 1.5 feet. By means of experiments on roads of almost 
uniform luminance Dunbar(2) determined the critical contrast appropriate to the 
motorist, that is, the contrast which a motorist driving at 30 m.p.h. and at a distance 
of more than 100 feet from the disc judged to be adequate for safety. His curve is 
reproduced in Fig. 1 where the critical contrast is shown as a fraction of the back- 
ground luminance. Dunbar also showed that this critical contrast applied to objects 
of shapes other than circles, provided their smaller dimension was 1.5 feet. 

In order to evaluate a revealing power consider a driver looking at a part of the 
toad surface whose luminance is B foot lamberts. If a disc of luminance factor B 
is placed at some point in his line of sight it will receive some illumination E and 
appear of luminance Ef. If the contrast between the two luminances B and Ef 
exceeds the critical contrast determined by Dunbar then the disc is adequately visible, 
otherwise it is not. It is next assumed that the disc has an equal chance of being 
anywhere along the line of sight, and that the probability of its having the luminance 


O'8 





0-7 





Ob 





Fig. |. Standard curve for critical contrast. 











@,CRITICAL CONTRAST AS FRACTION OF B 






























































(Dunbar). \ 
o's 
N 

0:4 

o3 
0-Ol orl 1-O 
BACKGROUND LUMINANCE B- foot lamberts 
Vol, XVI, No. 5, 1951. 121 














A. J. HARRIS AND A. W. CHRISTIE 


factor 8 is the same as that for pedestrian clothing. The distribution of luminance 
factors for pedestrian clothing has been determined by Smith(*) and is reproduced in 
Fig. 2. It is then possible, if the variation of E along the line of sight is known, to 
evaluate (as in Appendix I) the chance that a disc chosen at random in this way 
would be adequately visible or, in other words, the proportion of such discs which 
would be revealed. The proportion expressed as a percentage is by definition the 
revealing power. In calculating the revealing power by reversed silhouette it is 
assumed that the critical contrast is the same for objects brighter than the background 
as it is for objects darker than the background, for which alone Dunbar’s values were 
determined. 

To simplify the calculation the variation of E across the road is neglected since 
it is usually unimportant. The variation along the line of sight is taken into account 
by Waldram because it is usually large, although it is assumed for simplicity to be 
the same as the variation along a single span of the installation whatever the length 
of the line of sight. However, it is shown in Appendix I that this variation can 
also be largely neglected, for Group A lighting. Those points where the illumination 
is high are largely compensated for by those where it is low, the resultant revealing 
power depending as far as E is concerned almost entirely on the mean value E,,. The 
results obtained in Appendix I when the variation of E is neglected will now be 
discussed. 


(3) Revealing Power as a function of B and B/E,, 


Fig. 3 gives approximately the revealing power of any installation. It is 
calculated from Equations (4) (5) and (6) of Avpendix I. The full curves are for the 
total revealing power R + R’ and the broken curves for R, the revealing power by 
silhouette. For an installation in which pedestrian illumination is uniform the curves 
are exact; for other installations they are approximate. In existing streets the 
variation in pedestrian illumination is large and a discussion of the errors in ihe 
curves due to this non-uniformity may be found in Appendix I. It is there shown 
that for any likely system of Group A lighting, in which the span will not exceed six 
times the mounting height of the lamps, the error is not likely to exceed 2.5 per cent. 
Some idea of the magnitude of the error may be obtained from Fig. 4 calculated for 
a low background luminance—since it is at low luminances that the error is most 
pronounced—and for two installations representing fairly extreme types beween which 
most Group A installations fall. The errors for Group A lighting are therefore 
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THE REVEALING POWER OF STREET LIGHTING INSTALLATIONS 
nce | unlikely to exceed the largest values given in Fig. 4, and, indeed, the distributions used 
lin § in Group A lighting approximate fairly closely to the type which gives the smaller 
to § error, the secc. @ distribution. If the curves of Fig. 3 were corrected for the 
way § variation in E it seems likely that the correction would be very similar in nature for 
iich most common distributions, namely, a raising of the left-hand part of the curves 
the |} and a smaller depression of the right-hand, the general character of the curves being 
t is § unaltered, 
und Fig. 3, although approximate when applied directly to a whole street, may be 
vere f used if desired to find the revealing power more accurately by sub-dividing the span 
into a number of sections, obtaining the individual means of E for the sections, and 
ince § averaging the corresponding revealing powers obtained from Fig. 3. The formula 
yunt § is given in Appendix II; it is probably the quickest way of getting accurate values of 
» be & revealing power and may be applied to any installation or length of span. 
ngth By plotting the revealing power against B/E,, instead of against E,, itself, all 
can § the curves have been made to run more or less parallel, and it is evident that because 
tion the critical contrast itself is changing only very slowly the curves for the higher 
ling § values of B tend to lie very close together. For B greater than about 0.1 foot 
The @ lambert, the revealing power, as was pointed out by Waldram and Dunbar, does not 
. be @ vary by more than a few per cent., so that to a very considerable degree of accuracy 
the revealing power is determined by a single variable B/E,,. Thus for streets 
whose luminance patterns are fairly similar, and in which the luminance does not 
fall much below 0.1 foot lambert, a quantity of fundamental importance to the 
It is @ revealing power is B,,/E,, where B,, is some representative luminance, for example, 
r the # the maximum or the mean. Except for very low values, the greater the quantity 
r by § B,/E,, the higher is the revealing power. This should apply particularly to streets 
irves § whose surfaces are fairly uniform in brightness. 
the Fig. 3 gives a fairly close picture of the revealing power in any system of Group A 
| the § lighting. Of course, the revealing powers encountered in the street will depend on 
1own § what luminances the installations actually produce, but for a given luminance B the 
d six § curves of Fig. 3 will give the corresponding revealing power. In general the curves 
cent. § slope upward towards the right, that is, the total revealing power and the revealing 
d for § power by silhouette increase as B/E,, increases, while the contribution of reversed 
most 
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silhouette diminishes until to the right of the line AA, that is for B/E, greater than 
about 0.3, it vanishes. The exact point at which the contribution of reversed 
silhouette vanishes is shifted to the right by the variation of E about its mean, but 
for B/E,, greater than 0.3 revealing power by reversed silhouette does not account 
for more than about 2 per cent. 

Seeing by reversed silhouette is not generally considered to be important in Group 
A installations; that is, in Fig. 3 values of B/E, less than 0.2 are seldom encountered, 
While this may be true when the background under consideration is a dry road 
surface, it may not be true for other backgrounds such as a wet road surface, buildings 
or hedges alongside the road. Where revealing power by silhouette falls to low § Fig. 5 
values reversed silhouette steps in to prevent a catastrophic drop in the total revealing  powe 
power. For this reason changes of fashion, which affect the distribution of luminance of 1 
factors of clothing and therefore the revealing power, are likely to have much less 
effect on the total revealing power than on the revealing power by silhouette alone. 
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B, BEFORE INCREASE OF POWER—foot lamberts. 


At the extreme left of the diagram the curves rise again sharply to 100 per cent., 
but here the objects are seen entirely by reversed silhouette. This end of the 
diagram corresponds to lighting of the kind obtained from motor vehicle headlights 
rather than to any normal type of street lighting. The oscillations near B/E,, 
equal to 0.1 in the curves of total revealing power are due to two rather sudden 
changes of slope in the curve of the luminance factor, Fig. 2. 


(4) Effects of Changes in the Installation or the Road Surface 


We may see from these curves the effect of changes in the lighting installation. 
Consider, for example, the effect of raising the intensity without changing the distri- 
bution. If the intensity is increased n times then B becomes nB but B/E,, is 
unaltered. We have already seen that at the highest values of B this constancy of 
B/E,, means that the revealing power is almost unchanged. In general, however, 
there is a slight increase. This is discussed at the end of Appendix I. Fig. 5 gives 
an upper limit for the increase in revealing power made possible in this way. For 
B=: 0.1, for example, the increase in total revealing power cannot exceed 4 per cent. 
even for a tenfold increase of illumination. Doubling the intensity cannot add more 
than 5 per cent. for luminances exceeding 0.05. In deriving Fig. 5 no assumptions 
were made as to the uniformity of E; the values hold good for any installation. 
Comparison with Fig. 3 suggests, however, that these limits are likely to be reached 
only for the lower values of B/E,,; at higher values the increase is a good deal less 
than that shown in the figure and this is indeed true whatever the installation. 

The revealing power of a road is also affected by changes in the reflecting pro- 
perties of the road surface. Such changes affect the value of B/E,, as well as that 
of B and, in consequence, a change of luminance due to a change in the luminance 











factor of the road surface has a greater effect on the revealing power of the installation 
than the same change of luminance produced by an alteration in the intensity of the 
light Consider, for example, the point B = 0.1, B/E,, =0.2 in Fig. 3. Doubling 
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the value of B by increasing the luminance factor of the road surface changes B to 0.2 and 

and B/E,, to 0.4, with a rise in revealing power from 82 to 93.5 per cent. Doubling 

B by doubling the intensity raises the revealing power only to 83.5 per cent. Con- 

versely, the replacement of a highly reflecting surface by one with a low be 
whe 


luminance factor makes a much greater reduction in revealing power than does a 
considerable reduction in the intensity of the light. Such considerations demonstrate 
the importance of the road surface as a factor in the proper illumination of the street. 

The most effective way of increasing B/E,,, by reducing E,, without reducing B. 
has been tried experimentally on one-way streets. This system of unidirectional 
lighting has no light projected in the same direction as the traffic, so that as far as 
drivers are concerned E,, is almost zero. Silhouette seeing is very good, the values 
of B/E,, are large, and revealing powers of 100 per cent. should be attainable without J yaj), 
difficulty. whic 
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APPENDIX I 

Approximate Calculation of Revealing Power 
It will be shown that for Group A lighting, in which the span does not exceed appl 
about six times the mounting height, the revealing power may be calculated to within 
a few per cent. from an expression which neglects the variation in E along the street, be | 
where E is. the pedestrian illumination, that is, the illumination of vertical surfaces in c 
the street. a 
Fig. 1 gives the critical contrast c as a fraction of the background luminance B. rs | 
Objects darker than b or brighter than b’ are adequately visible against a background ; on 
of luminance B where nth 
b=(1-©)B ane 
EE Ar MEE « Facies oe ik slew srs o VOW A» saa (1) ae 


Objects having a luminance factor less than b/E have a luminance less than b § distri 
when the illumination is E. Similarly, under illumination E, objects with luminance § does 
factors greater than b’/E have luminance greater than b’. These objects are therefore § ynjfo 


adequately visible under illumination E. the n 
For pedestrian clothing the distribution of 8, the luminance factor, is given in thoug 
Fig. 2. Assuming that the objects under consideration have the same distribution, the 7 


percentage adequately visible under illumination E and against a background off a Jar, 
luminance B is q(b/E) for vision by silhouette and 100 — q(b’/E) for vision by reversed J conse 
silhouette. tions 

If the pedestrian illumination E is distributed along a span of the installation 9 § norm 
that a fraction p(E)dE of the span has illumination between E and E+dE then, of the r 


objects in the line of sight, the percentage visible in silhouette is gteate 
E that t 
R=] * g(b/E) p(B)\dE on, 
- § q PURE Hi ORLEANS lumin 
1 
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and in reversed silhouette 


E, 
R’= 100 — ) q(b’/E) p(B)\dE .......... rensllangon (3) 
E, 
where 
R is the revealing power as defined by Waldram and here called revealing 
power by silhouette, 
R’ is the revealing power by reversed silhouette, and 


R + R’ is the total revealing power. 


E 


—En 





Expansion of q(b/E) in (2) as a power series in , where E,, is the mean 


value of E in the span, and subsequent integration leads to an infinite series for R in 
which the first term depends on the mean value E,,, the second term vanishes and the 
third depends on the variation of E about its mean E,, Unfortunately these two 
non-vanishing terms, although adequate to deal with quite large variations in E, are 
not enough to give an accurate value of the revealing power under all conditions when 
applied to such variations as are common in present-day streets, and indeed the first 
term alone is sometimes more accurate than the first two. There is also, as described 
in Appendix II, a more convenient way of getting accurate values of revealing power 
than by using the series, so we shall consider only the first term. This approximation 
is obtained merely by substituting E,, for E in q(b/E) in the integrals. The expression 
q(b/E,,) is then a constant and may be brought outside the integral sign. Thus we get: 


i IE oe ie 65 bath arbi mein 2-4 hs armen bien (4) 
Be RMR © ihn <0 be bie ibwdbie's Del daly Viccbi (5) 
R + R’+ 100 + q(b/E,,) — q(b’/Em) —... eee eee eee ane (6) 


To obtain an idea of the errors involved in these approximations, they have been 
applied to two types of beam distribution which represent fairly extreme forms. These 
are a spherically symmetrical distribution giving a constant intensity in all directions, 
and one giving an intensity proportional to sec @ where @ is the angle between the 
beam and the downward vertical. The illumination of vertical surfaces at ground 
level due only to the nearest lamp in these installations was obtained for spans of six 
and twelve times the mounting height. In the shorter span, as may be seen in Fig. 4, 
the maximum value of E is about 16 times the minimum in the spherical distribution. 
In the other distribution it is only about three times. Using the method of Appendix II 
to calculate accurate values of revealing power the errors in the values given by (4) 
and (6) were obtained. The results for a span equal to six times the mounting height, 
and a background luminance of 0.02 foot lambert, are shown in Fig. 4. The spherical 
distribution gives the largest error. Except possibly for very low values of B/E,, it 
does not exceed about 10 per cent. For higher background luminances and more 
uniform pedestrian illuminations the errors are smaller. Even for spans of 12 times 
the mounting height the error for B/E, greater than 0.4 hardly exceeds 4 per cent., 
though at the lower values it rises to almost 20 per cent. for the spherical distribution. 

The distributions used in Group A lighting tend to the sec § type and direct 
a larger proportion of light along the road than does the spherical distribution. In 
consequence the pedestrian illumination is more uniform than under the worst condi- 
tions considered here. Thus, for Group A lighting, in which the span does not 
normally exceed six times the mounting height, the approximate formulae should give 
the revealing powers with errors which are less than about 2.5 per cent. for B/E,, 
greater than 0.4 and may rise to about 10 per cent. at lower values. It is very probable 
that the errors will not exceed 2.5 per cent. for any value of B/E,,. 

Since the critical contrast given in Fig. 1 tends to a constant as the background 
luminance increases, the revealing powers in an installation also tend to constant values 
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if the output of the installation is increased. An upper limit to the increase in revealing 
power which may be obtainable by increasing the output n times is easily obtained. 
This is shown in Fig. 5; it appears, from the particular installation represented by Fig. 3, 
that the limit is not necessarily attained. 


APPENDIX II 


A Simple Method of Obtaining Accurate Values of 
Revealing Power from the Approximate Curves of Fig. 3 


If for some purpose it is desired to find revealing power more accurately than 
it is given in Fig. 3, or if the installation is not of Group A type and has a span greatly 
exceeding six times the mounting height, an accurate value may be found by sub- 
dividing the span. Suppose the length L of the span is divided into lengths 1,, 1, .... 
and the mean values of E within these sections are E,, E, . . . . then the total revealing 
power R + R’ is given by ; 

— (R, + BR’) 1, + (RR, +R’) 1+ .... 





R + R’ L 
where (R, + R’,), (R, + R’,).. . are the total revealing powers read off from Fig. 3 
corresponding to the values B/E,, B/E,. ... The formulae for R or R’ separately 


are similar. 


For a span equal to six times the mounting height, a subdivision into two equal 
lengths gives the revealing power for a spherical distribution to within about 2 per 
cent. over the range B/E,, > 0.1. It is unlikely that subdivision need be carried 
much beyond this. To judge the accuracy of any such calculation a further subdivision 
may be made. If the new value does not differ significantly from the old, the process 
of subdivision has been carried far enough. 
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